Abstract. Members of the microRNA (miR)-183 family are expressed at high levels in the majority of cancer types, including breast and prostate, and are considered 'oncomiRs'. The purpose of the present study was to investigate the role of exosomes in cell-to-cell transfer of the miR-183 family, which includes miRs-96, -182 and -183. Despite highly detectable levels of these three miRs within prostate and breast cells in vitro, only miR-182 was detectable in exosomes isolated from cell culture supernatant. Similar to the in vitro results, miR-182 was the only miR detected in exosomes isolated from fresh human serum. The packaging of miR-182 into exosomes was examined in MDA-MB-231 (MDA-182) breast cancer cells with miR-182 overexpression. Levels of mature miR-182 increased in exosomes in a dose-dependent manner compared to intracellular expression. Furthermore, co-culture of MDA-182 cells with naïve MDA-MB-231 cells resulted in an increase in mature miR-182 in the naïve cells, which was blocked by a chemical inhibitor of microvesicle formation. In summary, the present study demonstrates that of the miR-183 family members, miR-182 is preferentially packaged in exosomes, detectable in exosomes from human sera and may be transferred between cells via a microvesicle-dependent mechanism.
Introduction microRNAs (miRs) are short, non-coding RNAs that canonically function to repress translation and/or initiate degradation of target messenger RNAs (mRNAs) (1) . The members of the miR-183 family, which are transcribed as the polycistronic miR-183-96-182 cluster (1) , are consistently expressed at high levels in a number of human cancer types, including hormone-dependent breast and prostate cancer (1) (2) (3) (4) (5) (6) (7) (8) . When these miRs are overexpressed in cell cultures they behave primarily as oncogenes or 'oncomiRs', and alter phenotypes consistent with transformation and oncogenesis, including cell proliferation, migration, invasion and xenograft growth (2) (3) (4) (5) (6) (7) (8) .
In addition to their intracellular role, mature miRs are present in secretory vesicles, which may facilitate cell-to-cell transfer of miRs (9) (10) (11) (12) . Exosomes are a subclass of such vesicles, which are 50-150 nm in size, and are released from the majority of cell types (12, 13) . Exosomes were discovered in the 1980s in mammalian reticulocytes and were originally thought to be a mechanism for the cell to rid itself of waste (14) . However, exosomes are now known to contain valuable cellular material including RNA, DNA and proteins (10, 15, 16) . Cells may take up exosomes by fusion (17) or by internalization, and thus exosomes are mediators of cell-to-cell communication (18) . miRs within exosomes are functional in the receiving cells (9, 10, 16) and, in the context of cancer, may act on nearby cells to modify the local microenvironment during carcinogenesis (16, 19, 20) .
The majority of circulating miRs are within exosomes (21); thus, exosomes are potentially a cancer-specific source of miR biomarkers (21) (22) (23) . Circulating miRs have been isolated and examined as biomarkers for breast and prostate cancer (24, 25) , but, to the best of our knowledge, few studies have focused specifically on miRs within exosomes.
Given the well-documented oncogenic role of the miR-183 family in breast and prostate cancer and the emerging role of exosomes in miR trafficking, the present study examined the levels of these miRs in exosomes isolated from cultured breast and prostate cancer cells. In addition, the present study examined miR-182 levels in exosomes from cells with stable miR-182 overexpression, and investigated cell-to-cell transfer of miR-182 via exosomes. The expression of the miR-183 family was also determined in exosomes isolated from fresh serum. Chicago Cancer Center IRB-approved protocol) as previously described (6, 26, 27) and cultured in prostate epithelial cell growth medium (PrEGM; Lonza Group, Basel, Switzerland) supplemented with BPE, cholera toxin (Sigma-Aldrich) and EGF. For 48 h prior to exosome collection, the PrEGM was not supplemented with BPE, and all cell lines that require FBS were supplemented with exosome-free FBS. All cells were harvested or used for exosome isolation at 70% cell density. A total of three sets of pooled de-identified serum were collected under an IRB-approved protocol from male and female patients at University of Illinois at Chicago Hospital (Chicago, IL, USA). A total of 10 ml each from five patients of fresh, never frozen sera was combined to provide 50 ml total for exosome isolation.
Materials and methods

Cell
Overexpression of miR-182 in MDA-MB-231 cells.
MDA-MB-231 cells were transfected with pCMV-MIR (scrambled or miR-182; OriGene Technologies, Inc., Rockville, MD, USA) using Lipofectamine (Thermo Fisher Scientific, Inc.) and selected with Geneticin (G418; Sigma-Aldrich) according to the manufacturer's protocol. Following transfection, subpopulations were clonally selected with G418 and measured for miR expression by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). One negative scramble miR control (miR-NEG) and two miR-182 overexpressing clones (182-1 and 182-7) were used in the experiments.
Exosome isolation. Prior to isolation, exosome-free FBS was prepared by two sequential 100,000 x g centrifugations at 4°C of 70 min each. For PrE and RWPE cells, BPE was omitted from culture medium 48 h prior to collection for exosome isolation. To collect cell-derived exosomes, cells were plated on five 100 mm dishes. When cells reached 70% density, they were washed twice with 1X HEPES-buffered saline and the media was replaced with exosome-depleted media. Following 48 h of incubation, the media was harvested and exosomes isolated by differential centrifugation as previously described (28) . Briefly, cells were removed by a spin at 300 x g at 4°C for 10 min. The supernatant containing the exosomes was removed and centrifuged at 2,000 x g at 4°C for 20 min. Supernatant was subsequently placed in polycarbonate bottles and ultracentrifuged at 10,000 x g at 4°C for 30 min, and the resulting supernatant was put into a clean polycarbonate bottle and centrifuged at 100,000 x g at 4°C for 70 min. The supernatant was discarded and exosomes were washed in 1X phosphate-buffered saline (PBS), and subsequently repelleted at 100,000 x g at 4°C for 70 min. The supernatant was discarded and exosomes were harvested in 100 µl 1X PBS. Collected exosomes were subjected to RNase A treatment for 1 h at 37˚C prior to RNA analysis.
Human serum exosomes were isolated by an identical procedure starting with 50 ml of serum diluted with 1X PBS to completely fill the polycarbonate ultracentrifuge bottles.
Transmission electron microscopy. A total of 20 µl of isolated exosomes were placed on copper coated grids and allowed to settle for 5 min. Grids were subsequently stained with 20 µl of uranyl acetate (Sigma-Aldrich) for 1 min. Grids were allowed to dry overnight prior to viewing and were analyzed on a JEM-1220 transmission electron microscope (JEOL, Ltd., Tokyo, Japan).
Exosome quantification. Exosome number was quantified using enzyme-linked immunosorbent assay (ELISA) for cluster of differentiation (CD)81 [breast cells (29) ] and CD9 [prostate cells (30) ]. ELISAs were performed according to the manufacturer's protocol (System Biosciences, Palo Alto, CA, USA) on freshly harvested exosomes. Prior to cell treatment with isolated exosomes, the cell number was determined for the exosome-donating cells, and the exosome number was normalized to the cell number between treatment and controls for each cell line.
RT-qPCR. RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific, Inc.) according to manufacturer's protocol for preservation of small RNAs. RNA for miR detection was reverse transcribed using the Universal cDNA Synthesis kit (Exiqon, Inc., Woburn, MA, USA) with 100 ng RNA, under the following conditions: 60 min at 42°C, followed by 5 min at 95°C and hold at 4°C. qPCR was performed on the cDNA using the ExiLENT SYBR Green Master mix (Exiqon, Inc.) according to the manufacturer's protocol. The StepOne Plus Real-Time PCR System (Thermo Fisher Scientific, Inc.) was used for detection and quantitation. The following cycling conditions were employed for qPCR: 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 1 min. Primers for the following were used: small nucleolar RNA U66 (snoR-U66) (product no. 203905), miR-96 (product no. 204417), miR-182 (product no. 206070) and miR-183 (product no. 206030; Exiqon, Inc.). Relative quantity was calculated by the ΔΔCq method (31) and normalized to snoR-U66.
Luciferase reporter for miR-182 activity. LightSwitch Synthetic miR Target GoClone Reporter for miR-182 and the empty vector were purchased from SwitchGear Genomics (Menlo Park, CA, USA). The LightSwitch vector contains a Renilla luciferase gene with a synthetic 3' untranslated region (UTR) with repeats of the miR-182 binding site. A total of 50 ng of LightSwitch and 50 ng of pGL4-empty vector (Promega Corporation, Madison, WI, USA) were co-transfected into MDA-231-MB cells with Dharmafect (Dharmacon; GE Healthcare Life Sciences, Chalfont, UK). Luciferase activity was measured 24 h later with the Dual-Luciferase ® Assay (Promega Corporation). Lightswitch Renilla activity was normalized to pGL4 to assess transfection efficiency.
Co-culture. Naïve MDA-MB-231 cells were seeded into a 12-well plate and 182-1, 182-7 or NEG control cells were seeded in inserts. After 24 h of incubation at 37°C in 5% CO 2 , the inserts were placed into the wells containing the naïve cells with and without 10 µM of microvesicle release inhibitor hydrochloride hydrate (GW4869; Sigma-Aldrich; dimethyl sulfoxide as a control) and were co-cultured for 5 days at 37°C in 5% CO 2 . The medium and GW4869 were replaced after 72 h. Cells were collected following five days of co-culture and miR-182 levels were measured by RT-qPCR in the naïve cells.
Statistical analysis. Statistical analysis was performed by Student's t-test in GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). It was noted that when the repeat experiments had values of zero, the t-test was not valid. P<0.05 was considered to indicate a statistically significant difference.
Results
Exosomes are produced by breast and prostate cells. The present study examined exosome production from several prostate and breast cell lines. Exosomes were isolated by ultracentrifugation and quantified by ELISA. CD81 was used for breast cancer cells (29) and CD9 was used for prostate cells (30) based on previous reports. All of the breast cancer cell lines examined (MCF-7, BT474, and MDA-MB-231) released exosomes (Fig. 1A) . A total of three distinct patient-derived primary prostate cell (PrE) populations also secreted exosomes (Fig. 1B) .
Transmission electron micrographs (TEM) confirmed that the isolated vesicles were exosomes and were the correct shape and size in the range of 50-150 nM. Representative TEM images of exosomes from MDA-MB-231 cells are presented in Fig. 1C .
miR-182 is present in exosomes from breast and prostate cell lines and human serum. Intracellular and exosomal levels of the miR-183 family members were compared in five prostate and three breast cell lines ( Fig. 2A-D) . Although miRs-183, -96 and -182 were all present intracellularly, only miR-182 was robustly detected in the exosomes (Fig. 2C and D) . Notably, RWPE-1 benign immortalized prostate epithelial cell line and DU145 prostate cancer cell line cells expressed miR-182 at high levels, but did not have detectable miR-182 in their exosomes. In the breast cancer cell lines, MDA-MB-231 cells had the lowest amount of miR-182 in the exosomes compared with MCF-7 and BT474 cells.
Exosomes were isolated from fresh human serum to determine the presence of miR-183 family members. A total of three independent sets of pooled male and female serum were used for exosome isolation. miR-182 (Fig. 2E ), but not miRs-183 and 96, was detected in exosomes from males and females. These data indicate that miR-182 is preferentially packaged into exosomes in all the cell lines examined, as well as present in human patient sera.
Overexpression of miR-182 in MDA-MB-231 breast cancer cells dose-dependently increases exosome levels of miR-182.
To determine if an increase in intracellular miR-182 would alter miR-182 levels in exosomes, miR-182 was stably overexpressed in the MDA-MB-231 breast cancer cell line. MDA-MB-231 cells were used for these experiments as they had the lowest level of miR-182 in the exosome experiments. miR-182 was overexpressed using a hairpin premiR expression plasmid, resulting in a 10-to 50-fold increase in miR-182, as compared with the miR-NEG scrambled hairpin control (Fig. 3A) . Exosomes isolated from the media of the MDA-182 cells dose-dependently increased miR-182 10-to 50-fold compared with the miR-NEG control (Fig. 3B) . To adjust for potential differences in cell density during exosome A B C collection, RNA input was normalized to the cell number. Activity of the overexpressed miR-182 was confirmed via the reduction in luciferase activity of a synthetic 3'UTR reporter (Fig. 3C) . It has been reported that miR-182 is only present in its mature form in exosomes (16) in contrast to other miRs that are present as premiRs and mature miRs in exosomes (16) . In the MDA-182 cells the premiR-182 was only detectable intracellularly and not in the exosomes (Fig. 3D) . Furthermore, levels of premiR-182 were not significantly different in the MDA-182 clones compared with MDA-NEG, suggesting a short half-life for premiR-182 RNA. These data show that in these cells increased miR-182 expression resulted in increased levels of the mature miR in the exosomes.
Cell-to-cell transfer of miR-182 in MDA-MB-231 cells by exosomes.
Experiments were designed to determine if miR-182 can be transferred between cells via exosome-mediated mechanisms. This was achieved by two methods: Co-culture of cells and direct transfer of isolated exosomes. MDA-182-1 cells were selected for the following experiments as this clone had an elevated expression of miR-182 without alterations in cell proliferation. MDA-182-1 cells were co-cultured with naïve MDA-MB-231 cells (Fig. 4A) , resulting in an increase in miR-182 in the naïve cells (Fig. 4A) . Addition of GW4869, an inhibitor of microvesicle release (32) , blocked this increase, demonstrating that the transfer of miR-182 between cells was dependent on microvesicle transfer (Fig. 4A) . Furthermore, direct transfer of isolated exosomes from MDA-182-1 cells to the naïve MDA-MB-231 cells significantly increased levels of miR-182 in the naïve cells (Fig. 4B) .
Discussion
The miR content of cancer cell-derived exosomes varies based on aggressiveness of phenotype (33, 34) , and cancer cells secrete increased exosomal miR compared with normal cells (16) . Consistent with these previous findings, the present study demonstrated that prostate and breast cancer cells, as well as noncancerous prostate cells, secrete exosomes. Furthermore, the present study demonstrated that miR-182 expression and secretion changes with breast cancer cell line aggressiveness. The present study has two significant findings that have not been previously shown to the best of our knowledge: i) miR-182 is the only member of the miR-183 family detected in exosomes from human serum and multiple breast/prostate cell types, and ii) overexpression of miR-182 dose-dependently increased miR-182 in exosomes. miR-183, miR-96 and miR-182 have all been identified to be overexpressed in prostate and breast cancer tissues (35) ; however, the present study observed miR-182 to be present at significantly increased levels in exosomes compared to miR-96 and miR-183. miR-182 may be selectively packaged into exosomes. Alternatively, as miR-182 is expressed at the highest level of the three miRs in the cluster, it may be passively taken up into the vesicles. Regardless of the mechanism for preferential miR-182 packaging, the results of the present study suggest that miR-182, more than the other miR-183 family members, may have significance in cell-cell communication via microvesicle transfer.
The present study complements a previous study by Melo et al (16) , who demonstrated that miR-182 could be transferred between cells and that miR-182 is secreted exclusively as a mature miR, unlike other exosomal miRs that are secreted as premiRs and processed to the mature form within exosomes (16) . The present study additionally did not detect premiR-182 in any of the exosomes, which was consistent with the data from Melo et al (16) . The present study also observed that exosomes facilitated transfer of miR-182 in breast cancer cells, as exosomes derived from miR-182 overexpressing breast cancer cells were able to increase the cellular concentration of miR-182 in receiving cells. Melo et al (16) additionally demonstrated that miR-182 from MDA-231-MB exosomes was functional and led to decreased mRNA target levels and altered the phenotype of receiving cells. Therefore, miR-182, not miRs-96 or -183, is likely to contribute to the cancer microenvironment.
In addition to their known functions within cells, miRs have been reported to be present at varying levels in the circulation of cancer patients, suggesting that they may have utility as biomarkers for diagnosis or prognosis (36) (37) (38) . miRs are stable in the serum (36) and thus are attractive candidates for biomarkers. The miR-183 cluster members are consistently overexpressed in breast cancer tissues (39) . miR-182 specifically has been observed to be present at higher levels in the serum of breast cancer patients and may be used to distinguish between estrogen receptor and progesterone receptor positive breast cancers (35, 39) . However, it remains to be elucidated whether the serum miR-182 is within exosomes and, if it is, where these exosomes originate. The present study observed that miR-182, and not the remaining miR-183 family members, was detected within exosomes from human male and female serum. However, the present study did not examine differential levels of miR-182 in cancer patients. The results of the present study suggest that utility of serum miR-182 as a biomarker may be improved if exosomes are examined.
The results of the present study support and complement existing findings to demonstrate that the miR content of cancer cell-derived exosomes varies based on the aggressiveness of the cell (33, 34) . Furthermore, it was demonstrated that miR-182 is the miR-183 family member that is trafficked by exosomes in the investigated cell types and in human serum. Given the oncogenic role of miR-182, increased exosomal levels of miR-182 in breast cancer may not only contribute to disease aggressiveness, but may additionally be exploited as a biomarker. Future studies are required to elucidate whether miR-182 in exosomes is functionally relevant to carcinogenesis and/or a biomarker of disease prognosis.
